In this work, nonlinear optimization models for spatial RRSS mechanism motion generation and axode generation are both applied to develop a single degree of freedom cam mechanism to replicate RRSS coupler motion. As an example, a concept cam mechanism is developed to precisely achieve a group of prescribed solar panel poses originally achieved by an RRSS mechanism.
Introduction

The Spatial Revolute-Revolute-Spherical-Spherical (RRSS) Mechanism
The Revolute-Revolute-Spherical-Spherical or RRSS mechanism ( Figure 1 ) is a spatial four-link mechanism where the crank link is bounded by revolute joints (at a 0 and a 1 ) and the follower link is bounded by spherical joints (at b 0 and b 1 ). Because the RRSS mechanism utilizes only revolute and spherical joints and does not require strict link and joint configuration conditions to ensure proper assembly and motion, it is one of the most basic spatial four-link, single degree of freedom linkages. The simplistic construction of the RRSS mechanism coupled with its capacity to exhibit spatial motion makes it a potential candidate for spatial motion generation applications and subsequently, the mechanism of choice in this work.
Fig. 1 The spatial RRSS linkage
Published Works on RRSS Mechanism Analysis and Synthesis
Noted contributions in the areas of RRSS mechanism analysis and synthesis includes Haijun et al who classified the movement of the RRSS mechanism in terms of its link dimensions (1, 2) . Lee and Yoon proposed a method of using Euler parameters and quaternion algebra for the kinematic analysis of an RRSS motion generator (3) . Lee et al developed the quadratic input-output relation and the associated mobility condition for the RRSS mechanism (4) . Russell and Sodhi presented an instant screw axis-based synthesis model for the RRSS mechanism and motion generation models for adjustable RRSS mechanisms using precise coupler poses and coupler poses with tolerances (5~7)
. Russell et al presented an RRSS motion generation model that includes prescribed coupler forces (8) .
Scope of Current Work
Russell and Shen presented a model to synthesize and RRSS mechanisms that are branch and order defect-free (9) . Shen et al presented a model to generate the fixed and moving axodes for a given RRSS mechanism (10) . In this work, both models are applied to design a single degree of freedom cam mechanism to replicate the coupler motion of a given RRSS mechanism. As an example, a concept cam mechanism is developed to precisely achieve a group of prescribed solar panel poses originally achieved by an RRSS mechanism.
RRSS Motion Generation with Branch and Order Defect Rectification
Russell and Shen presented a nonlinear optimization model to synthesize branch and order defect-free RRSS mechanisms to approximate N prescribed coupler poses (9) . This optimization model includes the objective function
In Equation (1), Figure 1 ). Variables p j , q j and r j in Equation (1) represent the prescribed coupler poses and variables p, q and r represent the coupler poses achieved by the synthesized RRSS motion generator (using the RRSS displacement model by Suh and Radcliffe (11) ).
Along with the objective function, the optimization model includes four kinds of equality constraints. Equations (2) and (3) ensure the constant length of the crank and follower links respectively. Equations (4) and (5) ensure that the crank is orthogonal to the axes of both revolute joints. Equations (6) and (7) are unit vector constraints for the both revolute joint axes. Equation (8) ensures a fixed orientation of the fixed pivot joint axis and displaced moving pivot joint axis with respect to the crank link. Variables a, b and ua in Equations (2) through (10) are achieved by the synthesized RRSS motion generator using the RRSS displacement model by Sun and Radcliffe (11) .
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The optimization model also includes two kinds of inequality constraints. Inequality (9) eliminates order defects because it ensures constant counter-clockwise crank rotation (or clockwise rotation if 
This combination of objective functions and constraints allow for the direct minimization of the error between the prescribed and achieved coupler poses while synthesizing the RRSS crank and follower links. The order and branching constraints ensure the calculation of RRSS motion generator solutions that are free of order and branch defects.
Axode Generation for the RRSS Mechanism
Shen et al presented a model to calculate the axodes of a given RRSS mechanism (10) .
This model includes Equations (11) and (12). Equation (11) is used to calculate the spatial coordinates of a single point (X) on an Instantaneous Screw Axis or ISA. This point can be geometrically described as the point of intersection between a line that includes b 0 and b 1 and a plane that includes a 1 and ua 0 (Figure 2 ). This equation incorporates the RRSS displacement model by Suh and Radcliffe to calculate the displaced moving pivots a and b, and subsequently a locus of ISA points over a specified RRSS crank displacement range (11) .
Equation ( Figure 1 ) and its corresponding velocity. These quantities are calculated from the RRSS displacement and velocity models by Suh and Radcliffe (11) . The ISA unit vectors make up the fixed axode and the ISA unit vectors for the inverted RRSS mechanism make up the moving axode. Pure rolling motion of the moving axode over the fixed axode (corresponding to 0 s = solutions in Equation (12)) or rolling-sliding motion (corresponding to 0 s ≠ solutions in Equation (12)) can replicate the coupler motion of the RRSS mechanism.
( ) Figure 3 illustrates a process diagram leading ultimately to cam mechanism design. As this figure illustrates, given a group of prescribed coupler poses, the RRSS motion generation model is used to calculate RRSS motion generator parameters. These parameters are then incorporated in the RRSS ISA model to generate the fixed and moving axodes for the RRSS motion generator. The axodes will then be incorporated into the cam mechanism.
Cam Mechanism Design
To produce the cam mechanism itself, the fixed and moving axodes are incorporated into geometry to be actuated to replicate RRSS coupler motion. Figure 4 (left) illustrates the three basic components of the cam mechanism. The fixed axode is incorporated into a fixed cam component and the moving axode is incorporated into a moving cam component. The rigid-body is affixed to the moving cam component. To actuate the cam mechanism, a single degree of freedom linear actuator is included (affixed to both the fixed and moving cam components). Because the rolling and/or sliding motion of the moving axode over the fixed axode will precisely replicate RRSS coupler motion, the resulting single degree of freedom cam mechanism in Figure 4 (right) will precisely replicate the coupler poses achieved by a given RRSS mechanism (if only pure rolling axode motion is required).
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The rigid-body is affixed to the moving cam component. Table 1 includes the coordinates (defined by p j , q j and r j ) for five solar panel poses (initial pose illustrated in Figure 5 ). The first step (as illustrated in Figure 3 ) is to synthesize an RRSS motion generator. Table 3 includes the solar panel coordinates achieved by the synthesized RRSS motion generator (also illustrated in Figure 5 ). Table 4 includes the achieved coordinate error. Now that the parameters for an RRSS motion generator have been calculated, the next step ( Figure 3) is to generate the fixed and moving axodes for the synthesized motion generator. Table 5 includes the ISA points (X) calculated from Equation (11) and the ISA unit vectors (u) calculated from Equation (12) for the synthesized RRSS motion generator and its inversion. These quantities were calculated over the specified crank link displacement angle range (θ). The fixed and moving axodes ( Figure 6 ) include the calculated ISA unit vectors for the RRSS mechanism and its inversion respectively. Because the calculated values for the variable s in Equation (12) were consistently zero when calculating the fixed and moving axodes, we know that pure axode rolling motion exists. Now that the fixed and moving axodes have been produced for the synthesized RRSS motion generator, the next and final step is to incorporate the axodes into the cam mechanism design. In Figure 7 , the moving cam component includes a pin the interfaces with a slot in the fixed cam component, While the rolling motion of the moving axode over the fixed axode replicates RRSS coupler motion, the cam mechanism must be a closed system to make it operable in any spatial orientation. The purpose of the pin and slot design is to make the cam mechanism a closed system. By simulating the motion of the moving cam component over the fixed cam component, the precise path of the pin in the moving cam component can be traced. This path was then modeled into the fixed cam geometry as a pin slot.
Fig. 4 Simplified exploded and assembly views of the concept cam mechanism
Example
Conclusion
The design of a cam mechanism to replicate the coupler motion of an RRSS mechanism has been demonstrated in this work. Given a group of coupler poses, an existing model was used to synthesize a branch defect-free and order defect-free RRSS mechanism to approximate the group of coupler poses (9) . Given the calculated parameters of the synthesized RRSS motion generator, an existing model was used to calculate the fixed and moving axodes for the given motion generator (10) . Because the rolling and/or sliding motion of the moving axode over the fixed axode can replicate RRSS coupler motion, these axodes were incorporated into a single degree of freedom cam mechanism to precisely achieve the solar panel poses achieved by a synthesized RRSS mechanism.
